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Iron Burning in Pressurised Oxygen under 
Microgravity Conditions 
 
An investigation of cylindrical iron rods burning in pressurised 
oxygen under microgravity conditions is presented.  It has been 
shown that, under similar experimental conditions, the melting 
rate of a burning, cylindrical iron rod is higher in microgravity 
than in normal gravity by a factor of 1.8 ± 0.3.  This paper 
presents microanalysis of quenched samples obtained in a 
microgravity environment in a 2.0 s duration drop tower 
facility in Brisbane, Australia.  These images indicate that the 
solid/liquid interface is highly convex in reduced gravity, 
compared to the planar geometry typically observed in normal 
gravity, which increases the contact area between liquid and 
solid phases by a factor of 1.7 ± 0.1.  Thus, there is good 
agreement between the proportional increase in solid/liquid 
interface surface area and melting rate in microgravity.  This 
indicates that the cause of the increased melting rates for 
cylindrical iron rods burning in microgravity is altered 
interfacial geometry at the solid/liquid interface. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Introduction 
The study of burning metals is necessary to characterise and 
improve the fire safety of oxygen systems in many 
applications, since the potential exists within these systems for 
metallic materials and components to ignite and burn.  Oxygen 
systems are widely used in medical, underwater, 
welding/cutting, air-separation, aerospace and many other 
systems, which motivates continued research to better 
understand burning and improve fire safety.  The work 
presented relates to burning metals in pressurised oxygen 
atmospheres under microgravity conditions. 
 The standard NASA test used to assess the flammability of 
a metallic material involves inducing the ignition of a vertically 
mounted, 3.2 mm diameter cylindrical rod in pressurised and/or 
concentrated oxygen [1].  In normal gravity, if self-sustained 
burning propagates after ignition, a pendant-shaped droplet of 
molten metal and oxide forms and grows in size as the test 
specimen is consumed.  The droplet cyclically detaches when 
the weight of the molten material exceeds the surface tension 
forces that attach it to the solid metal at the solid/liquid 
interface (SLI) [2].  However, in a microgravity environment, 
cyclic detachment of the droplet does not occur and the molten 
material adopts a spherical shape (dominated by surface 
tension), as shown in Fig. 1. 
 In addition to the large change in overall shape of the 
molten droplet, microgravity conditions are also typically 
associated with a large increase in melting rate for burning 
metals.  The melting rate is obtained through post-test visual 
analysis of the video images, such as those shown in Fig. 1.  
The velocity at which the molten droplet proceeds along the 
cylindrical rod is obtained by determining the distance moved 
by the SLI during a known time period (i.e. the video frame 
rate, 50 Hz).  The melting rate is the product of SLI velocity, 
rod cross-sectional area and solid metal density.  Steinberg et 
al. [3-5] showed that, for iron, melting rates are typically 1.5 to 
2 times higher in microgravity than in normal gravity.  This 
was confirmed in recent work, which indicated that melting 
rates (for 3.2 mm diameter iron rods) are 1.8 ± 0.3 times higher 
in microgravity than in normal gravity.  For example, in a 
combustion test performed in oxygen at a pressure of 
2.94 MPa, the melting rate increased from 0.59 ± 0.05 kg/s in 
normal gravity to 1.08 ± 0.09 kg/s in microgravity [6].  Ward et 
al. [6] and Ward and Steinberg [7] observed iron burning in 
pressurised oxygen in a ground-based drop tower microgravity 
facility, which produced a rapid transition in gravity level from 
normal gravity (1 g) to microgravity (10-3 g to 10-6 g).  It was 
shown that when iron rods were ignited in normal gravity and, 
after burning for 2 s, introduced into microgravity, the melting 
rate rapidly increased during a period of approximately 0.05 s 
after the transition in gravity level, and then remained constant 
throughout the 2 s microgravity period.  Heat transfer analysis 
indicated that the high rate of change in melting rate obtained 
during the transition in gravity level could only have been 
attained through a rapid increase in contact area between liquid 
and solid phases at the SLI.   
 
Solid/Liquid Interface Surface Area 
The SLI is the boundary between solid and liquid phases and 
therefore provides the physical heat transfer path between the 
burning zone (inside the molten droplet) and the solid fuel.  
Heat transfer across the SLI is clearly an important process, as 
it is this process that melts the solid fuel to allow burning to 
continue.  This paper investigates the relationship between the 
shape (and surface area) of the SLI and the observed melting 
rate of the solid rod. 
The SLI is commonly assumed to be planar and 
perpendicular to the test specimen centreline axis in normal 
gravity, meaning that the SLI surface area is equal to the rod 
cross-sectional area [8-10].  However, the heat transfer results 
presented by Ward et al. [6] and Ward and Steinberg [7] and 
microanalysis of slowly-cooled samples of iron that burned in 
microgravity, obtained by De Wit [11], suggest that the 
assumption of a planar and perpendicular SLI does not apply in 
microgravity, where the SLI is highly convex.  Ward and 
Steinberg [12] developed a technique for quenching burning 
metal rods in microgravity and determining the shape and 
surface area of the SLI.  The objective of the work presented is 
to apply the quenching and sample analysis technique to 
further investigate the cause of increased melting rates for iron 
burning in microgravity, and correlate the change in melting 
rate with the change in SLI surface area. 
 
Experimental 
Microgravity Facility 
A 2.0 s duration microgravity environment was accessed in a 
drop tower facility operated by the Queensland University of 
Technology in Brisbane, Queensland, Australia.  In a ground-
based drop tower facility, the experimental apparatus is 
enclosed within an aerodynamic body (called a drag shield) 
that protects it from the force of air resistance as it falls down a 
20 m vertical corridor.  Consequently, the experimental 
apparatus is placed approximately into free-fall conditions and, 
within this accelerating frame of reference, the phenomenon of 
interest is observed in a microgravity environment, where the 
net gravitational acceleration is approximately 10-3 g to 10-6 g.  
At the bottom of the vertical corridor, the drag shield and 
experimental apparatus are decelerated to rest during impact 
with an airbag, which limits maximum deceleration loads to 
20 g.  The facility supports experimental payloads of up to 
150 kg and can perform up to 20 drop tests per day.  A 
schematic of the facility is provided in Fig. 2 (a) and the drag 
shield and experimental apparatus are shown in Fig. 2 (b). 
 
Materials and Method 
Ten 3.2 mm diameter cylindrical iron test specimens 
(99.4 wt. % purity), 25 to 65 mm in length, were burned.  The 
test specimens were ignited in a pressurised oxygen 
atmosphere (3N, 99.9 wt. % purity) by resistive heating of an 
aluminium/palladium fuse wire.  Using the method described 
in detail in earlier work [12], the samples were ignited in 
microgravity and then, after 1.0 s to 1.5 s of propagation, the 
burning droplet was quenched (rapidly) by immersion in a 
water bath.  This process ensured that burning occurred only 
during microgravity and the SLI shape present at the end of the 
microgravity period was preserved within the solidified 
sample.  After each test, the quenched sample was recovered 
from the combustion chamber for post-test analysis. The 
velocity of the SLI (and hence melting rate) could not be 
obtained from the video record, since the burning droplet was 
not visible inside the quench apparatus.  Therefore, melting 
rates obtained in similar non-quench tests performed under 
similar atmospheric and gravitational conditions were used in 
the analysis [6]. 
 
Results and Analysis 
The quenched (rapidly solidified) samples obtained during 
testing were assessed using optical microscopy techniques to 
determine the geometry of the solid/liquid interface (SLI) 
present during burning in microgravity.  After each test, the 
portion of the test specimen that had not burned was recovered 
and mounted in a cylindrical resin block.  Material was then 
removed from the resin block using a wet grinding process 
until a planar, longitudinal cross-section of the test specimen 
was exposed.  This surface was then polished to a 6 μm finish 
and etched with 2 % Nital solution (2 % nitric acid, HNO3, and 
98 % ethanol) for 10 to 20 s.  Images of the exposed surface 
were then obtained under normal (white) light in an optical 
microscope, as shown in Fig. 3.  Etching clearly revealed 
distinct zones of heat affected metal (labelled Heat Affected 
Zone, HAZ), and melted and resolidified but unburnt 
(unoxidised) metal.  The boundary between these two zones is 
interpreted as the SLI.  Due to the small thickness of the melted 
and resolidified zone (typically less than 0.5 mm) preserved 
within the quenched samples, the error in SLI identification is 
small.  Using an iterative process, the microanalysis technique 
was repeated up to five times per sample, meaning that the 
two-dimensional SLI shape was determined on multiple, 
successively deeper, parallel planes.  Using an analysis method 
described in previous work [12], the two-dimensional SLI 
shapes obtained on multiple planes throughout the sample were 
assembled into a single, three-dimensional representation of the 
SLI surface, as shown in Fig. 4. 
 A numerical integration technique was applied to the three-
dimensional SLI model and used to estimate the surface area of 
the SLI.  The estimated SLI surface areas for the eight valid 
samples obtained are presented in Table 1.  The Area Ratio 
represents the ratio of the estimated SLI surface area to the 
cross-sectional area of a 3.2 mm diameter cylindrical rod, 
8.0 mm2.  Since the normal-gravity SLI has been shown to be 
approximately planar and perpendicular to the test specimen 
centreline axis, the rod cross-sectional area is therefore a good 
approximation of the normal-gravity SLI surface area.  
Consequently, the Area Ratio values presented approximate the 
ratios of reduced-gravity SLI surface area to normal-gravity 
SLI surface area.  In this way, the Area Ratio values represent 
the proportional change in SLI surface area due to a change in 
gravity level.  The estimated SLI surface areas appear closely 
grouped, and a dependence on pressure is not apparent.  The 
average SLI surface area ratio is 1.7, with a standard deviation 
of 0.1. 
 
Discussion 
Validity of Quenched Samples 
It is important to verify that the shape of the SLI present during 
burning in microgravity was not significantly altered during the 
quenching/solidification process.  Since testing occurred in a 
ground-based drop tower facility, the 2-s microgravity period 
was followed by a 0.25-s duration period of high gravity, 
peaking at 20 g.  Quenching occurred at the onset of this high 
gravity period, which means that the large volume of molten 
material (in the burning droplet) was rapidly removed from the 
end of the solid rod.  This would have tended to greatly reduce 
solidification times by removing a large heat source from the 
vicinity of the SLI at the beginning of the quench process.  As 
is shown in Fig. 3, only a thin (0.5-mm) layer of molten 
material remained attached at the SLI.  Analysis of this Melted 
and Resolidified region showed that it had a very fine ‘glassy’ 
grain structure, which confirms solidification occurred very 
rapidly.  Since solidification times were short, this limited the 
extent to which additional melting could occur at the SLI to 
alter its shape.  Thus, the error in SLI identification is the 0.5-
mm thickness of the Melted and Resolidified zone, which 
verifies that the SLI visible in the quenched sample is 
sufficiently representative of the SLI shape present during 
burning in microgravity. 
 
Interpretation 
During burning in normal gravity, the molten material adopts a 
pendant shape and hangs below the end of the rod due to the 
weight force.  The pendant shape is formed because the molten 
droplet is stretched by the opposing forces of weight (acting 
downward) and surface tension (acting upward), which 
attaches the droplet to the solid rod at the SLI.  Since the 
molten material adopts the lowest energy state, it hangs entirely 
below the end of the rod, which results in an approximately 
planar SLI, perpendicular to the gravity vector (i.e. horizontal), 
in normal gravity.  However, in microgravity, the weight of the 
droplet is almost completely removed, meaning that the surface 
tension forces acting at the SLI are unopposed.  Thus, in 
reduced gravity, the liquid droplet engulfs (wets) the end of the 
solid rod, causing molten material to contact the sides as well 
as the end of the rod.  The microanalysis results presented 
clearly show that this process alters the interfacial geometry 
between liquid and solid phases, resulting in a highly convex 
SLI.  Consequently, the SLI has a greatly increased surface 
area compared to the planar and perpendicular case. Noting 
that, in normal gravity, the SLI surface area is approximately 
equal to the rod cross-sectional area (since the SLI is typically 
planar and perpendicular to the test specimen centreline axis), 
the microanalysis results demonstrate that the SLI surface area 
is larger in microgravity by a factor of 1.7 ± 0.1. 
This is a significant result because it means that the contact 
area for heat transfer between liquid and solid phases is 
increased during burning in reduced gravity.  An increase in 
the SLI surface area allows more heat flux to enter the solid 
rod, which increases the overall heat transfer rate.  
Significantly, the increase in SLI surface area is in agreement 
with the change in melting rate in microgravity, which 
increased by a factor of 1.8 ± 0.3.  This indicates that the 
higher melting rates observed for iron burning in microgravity 
are due to altered SLI geometry. 
 
 
Summary and Conclusion 
Cylindrical iron rods burning in microgravity were quenched 
by immersion in water.  Microanalysis of the post-test samples 
revealed a highly convex solid/liquid interface (SLI), in 
contrast with the planar SLI typically observed in normal 
gravity.  The increase in SLI surface area was shown to be in 
agreement with the increase in melting rate of cylindrical iron 
rods burning in microgravity.  It is concluded that the increase 
in melting rate for cylindrical iron rods burning in microgravity 
is a change in SLI geometry, which increases the contact area 
between liquid and solid phases and increases the total heat 
transfer rate to the solid metal. 
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